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Introduction
Heterotopic ossification (HO) represents a process by which extraskeletal bone forms in soft tissues [1] . HO is considered a complication following trauma and genetic disease, and it can give rise to not only disability, but also mortality [2] . Some risk factors have been identified to be associated with HO after primary total hip arthroplasty, including male sex, lateral approach, and total cemented implants [3] . The outbreak of HO has the features of stiffness, swelling, pain, and warmth, affecting the patient's quality of life while also presenting a bad effect on the patients owing to its influence on movement [4] . Also, it has been revealed that HO is a disorder characterized with little known pathogenesis, insufficient effective prevention, and treatment approaches, also accompanied by a high rate of disability [5] . Therefore, it is necessary to have a better understanding of the molecular mechanisms underlying HO to identify novel detection biomarkers, thereby improving the current treatment strategies.
The secreted protein acidic and rich in cysteine (SPARC), also referred to as Osteonectin, appears to have a significant effect on abilities of formation, maturation, and survival of osteoblast [6] . SPARC, commonly known as an indicator of bone formation, also has the ability to promote calcium deposition as well as the differentiation and survival of osteoblasts [7] . Also, SPARC represents an osteogenic marker gene, and RANKL could promote Pi-induced cardiac fibroblast calcification in vitro by activating SPARC [8] . A previous study has since demonstrated that SPARC is highly positive in ligament fibers and the periosteal membrane attached to the apex of the styloid process [9] . Besides, it has also been documented that SPARC has the potential to increase the extent of p38 mitogen-activated protein kinase (MAPK) and MAPK-activated protein kinase 2 (MAPK-APPK2) phosphorylation and can activate the p38 MAPK-heat shock protein 27 (HSP27) signaling pathway [10] . MAPK signaling pathway, activated by trauma-induced HO serum, has the ability to mediate the osteogenic differentiation of human adipose-derived stromal/stem cells [11] . More importantly, Activin A receptor type I (ACVR1) can increase the nuclear factor κ-B (NF-κB) and p38MAPK activity, thus creating a proinflammatory state, while NF-κB/MAPK activation is the basis of ACVR1-mediated inflammation in human HO [12] . ACVR1, belonging to type I bone morphogenetic protein receptor family, has been revealed to be abnormally activated in a mouse model of fibro-dysplasia ossificans progression, potentially leading to HO. Besides, ACVR1 knockout has been reported to induce osteogenic differentiation. However, the effect SPARC has on HO and its underlying mechanism remains inadequately understood, owing to a lack of evidence supporting this hypothesis. Therefore, the aim of the present study was to thoroughly investigate the regulatory effects associated with SPARC on HO, along with the underlying mechanism connected with the MAPK signaling pathway.
Materials and methods

Establishment of HO rat model
Thirty healthy male Wistar rats were used in the present study (weight: 200-250 g; Changsha Tianqin Biotechnology Co., Ltd., Changsha, China). Rats were anesthetized with an intraperitoneal injection of 30 μg/g pentobarbital under aseptic conditions. The left crus posterolateral approach was used. The rats were then randomly divided into the sham group (the skin was cut and stitched after exposing the Achilles tendon), and the HO group (vascular clamp was used to repeatedly clamp five times on both sides of fractured Achilles tendon to cause trauma, and left Achilles was unstitched, and the skin incision was stitched) (15 rats in each group). All rats were raised under the same conditions and fed normally [5] .
Hematoxylin and Eosin staining
Following 7 weeks of modeling, all rats were killed by carbon dioxide asphyxiation. Achilles tendon of each group was subsequently fixed using the fixative solution for 3 min, placed in a 15% sucrose solution for 30 min, and added with 30% sucrose solution in 4
• C refrigerator overnight. Next, Achilles tendon was added with 30% sucrose solution for 2 h, embedded the mixture in an optimal cutting temperature (OCT), frozen, sliced, and dried overnight at room temperature. Afterward, the sections were placed in a 37
• C oven for 30 min and then placed at room temperature for 30 min. Sections were then stained using Hematoxylin for 50 s, washed in hydrochloric acid-ethanol solution for three to six times, placed in Eosin solution for 20 s, and treated with 95% ethanol for 1 s, 100% ethanol twice for 1 s, xylene twice for 3 s, and finally sealed with neutral gum.
Immunohistochemistry
Paraffin sections were later dewaxed, dehydrated with gradient alcohol, repaired with the antigen repair solution, and added with the normal goat serum blocking solution (C-0005, Shanghai Haoran Biotechnology Co., Ltd., Shanghai, China) at room temperature for 20 min. The sections were then incubated with primary rabbit polyclonal antibody to SPARC (ab14174, 1:1000, Abcam Inc., Cambridge, MA, U.S.A.) overnight at 4
• C. Next, the sections were cultured with goat anti-rabbit Immunoglobulin G (IgG) (ab6785, 1:1000, Abcam Inc., Cambridge, MA, U.S.A.) secondary antibody for incubation at 37
• C for 20 min. Subsequently, the sections were coupled with horseradish peroxidase (HRP)-labeled streptavidin protein working solution (0343-10000U, Beijing Yimo Biotechnology Co., Ltd., Beijing, China) for additional incubation under similar parameters. The routine procedures were performed according to a previous literature [13] . Microscopically, the cytoplasm showing yellow stain was viewed as positive expression of SPARC. Five high magnification views for each section were randomly selected with 100 cells per view for observation: SPARC-positive cells <10% was negative, the SPARC-positive cells were ≥10% and <50% was positive, the number of SPARC-positive cells >50% for strong positive.
Isolation and culture of bone marrow mesenchymal stem cells
Bone marrow (5 ml) was extracted from the anterior superior iliac spine of multiple myeloma patients (from the 89th Hospital of Chinese People's Liberation Army) under aseptic conditions. Bone marrow and heparin anticoagulation All the above gene sequences were from NCBI. Abbreviation: RT-qPCR, reverse transcription qPCR.
(1:1) were placed on the Ficoll separation and centrifuged at 2200 rpm for 20 min. Next, the mononuclear cell suspension in the intermediate junction was aspirated, resuspended with Dulbecco's Modified Eagle's Medium (DMEM) and centrifuged at 1000 rpm for 10 min, resuspended with calcium-and magnesium-free phosphate buffer saline (PBS), and centrifuged again at 1000 rpm for 10 min. Cells were then inoculated in a 25-ml culture bottle at a concentration of 4 × 10 8 l −1 , and inoculated in 0.05 volume fraction of CO 2 incubator at 37
• C with saturated humidity. The culture medium was DMEM-low glucose (LG) containing 10% newborn calf serum, 100 U/ml penicillin, and 100 mg/l streptomycin. Next, cells were passaged at a ratio of 1:2 or 1:3.
Immunophenotyping of bone marrow mesenchymal stem cells
Direct immunofluorescence (DIF) and flow cytometry analysis (FCM) were used. Monoclonal antibodies against CD29 (BD, 557332), CD106 (BD, 561679), CD34 (BD, 550761), CD105 (BD, 560839), and CD45 (BD, 560975) were selected. Bone marrow mesenchymal stem cells (BMSCs) were detached with concentration adjusted to 10 10 l −1 . A total of 100 μl cells was added with monoclonal antibody vascular endothelial growth factor (VEGF) at room temperature for 30 min and tested. Phycoerythrin or fluoro-isothiocyanate (FITC) labeled isotype IgG served as negative control (NC).
Cell grouping
Multiple myeloma MSCs were transfected with sh-SPARC plasmid, oe-SPARC plasmid or relative oe-NC plasmid, or added with 1 μmol/l p38 MAPK inhibitor SB203580, 1 μmol/l extracellular signal-regulated kinase (ERK) MAPK inhibitor PD98059 (S1177200mg, Selleck, U.S.A.), 1 μmol/l c-jun N-terminal kinase (JNK) MAPK inhibitor SP600125 (S1460200mg, Selleck, U.S.A.) or 1 μmol/l dimethyl sulfoxide (DMSO) as a control individually or together. sh-RNA vector piU6 and overexpression vector pcDNA3.1 were purchased from AddGene and synthesized by Nanjing GenScript Biotechnology Co., Ltd. (Nanjing, China).
RNA isolation and quantification
The total RNA was extracted using miRNeasy mini Kit RNA (Beijing China Ocean Co., Ltd., Beijing, China) (spin-column method) and then reverse transcribed into cDNA by using PrimeScript reverse transcription (RT) Kit (RR036A, Takara Biotechnology Co., Ltd., Dalian, China). SPARC mRNA primers were designed and synthesized by Invitrogen, NY, CA, U.S.A. (Table 1 ). The primers were added into ABI7300 real-time fluorescence quantitative polymerase chain reaction (qPCR) (7300, Applied Biosystems (ABI), Foster City, CA, U.S.A.) for amplification according to the instructions of SYBR ® Premix Ex Taq™ II kit (RR820A, Takara Biotechnology Ltd., Dalian, China). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal reference and the relative transcription level of the target gene was calculated by 2 − C t method [14] .
Western blot analysis
The total protein was then extracted using a radio immunoprecipitation assay (RIPA) Kit (R0010, Beijing Solarbio Life Sciences Co., Ltd, Beijing, China), separated by polyacrylamide gel electrophoresis followed by its transfer on to a nitrocellulose membrane by wet transfer method. Next, the membrane was blocked using a 5% bovine serum albumin (BSA), added in with diluted primary rabbit antibodies: SPARC (1:500, ab55847), p38 
Osteogenic differentiation
BMSCs were inoculated into the six-well plate, with each well being added in with 3 ml of low-sugar DMEM containing 12-15% fetal bovine serum, 100 U/ml penicillin, and streptomycin. In addition, 0.25 g/l vitamin C, 1 μm dexamethasone, and 10 mM β-phosphoglycerate was added to facilitate osteogenic differentiation. The bone marrow solution was mixed thoroughly and then inoculated into the six-well plate (2-3 ml per well) in an incubator at 37
• C with 5% CO 2 . Following a culture for 48 h, the supernatant was discarded, and half medium was changed. The whole medium was changed after 96 h. The medium was changed every 2-3 days with the unattached cells gradually discarded. Then, cells were passaged at a ratio of 1:3 and labeled as P1, and the aforementioned procedure was repeated to obtain P2 and P3 cells.
Alkaline-phosphatase staining
Sterile slides were placed in the cell culture dishes, and cell suspension was added during passage for preparation of cell slides. When the cells had covered the slides, they would be fixed using a cold propyl alcohol for 10 min, followed by incubation at 37
• C for up to 4-6 h, immersed in 2% cobalt nitrate for 3-5 min, fixed in 1% ammonium sulfide for 2 min, naturally dried, and sealed. Go-mori cobalt-modified method was applied to measure the activity of Alkaline-phosphatase (ALP), with the positive sites transforming from brown to black. The ALP staining results of the cells were observed and the ALP activities were measured using the Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, U.S.A.).
Alizarin Red S staining
BMSCs were washed twice with 1× PBS (pH = 7.2, without calcium and magnesium), fixed with 70% ethanol for 1 h, rinsed with distilled water three times, and incubated with 40 mmol/l Alizarin Red S at 37
• C for 60 min. Following three washes with distilled water, the number and volume of mineralized nodules were observed under a microscope and then quantified.
Radioimmunoassay
The supernatant of the passaged cells was then collected on the 6th, 12th, and 18th days following the simvastatin treatment. The content of osteocalcin (OCN) in the supernatant was detected using the OCN radioimmunoassay kit (XFFM079D, Shanghai Xinfan Biotechnology Co., Ltd., Shanghai, China). The counts per minute (cpm) were measured using a counter. The content of OCN in the sample was reflected by the standard curve.
Statistical analysis
All statistical analyses were performed using SPSS 21.0 software (IBM Corp., Armonk, NY, U.S.A.). Measurement data were expressed using the mean + − standard deviation. Comparison between two groups was analyzed by t test and corrected by Welch. The Shapiro-Wilk method was used to test the normal distribution of data among multiple groups, and measurement data consistent with the normal distribution were analyzed using one-way analysis of variance (ANOVA). Fisher's Least Significant Difference (LSD) test was applied for pairwise comparison. Comparisons of data concerning skewed distribution were analyzed using a non-parametric Kruskal-Wallis test. P<0.05 was considered statistically significant.
Results
Characterization of HO rat model
On the first day after modeling, two rats in the HO group died. The remaining rats were in good condition, no incision infection was observed, and incision healed well. The Hematoxylin and Eosin (HE) staining was conducted in both sham and HO groups following remodeling for 7 weeks. According to the results of the HE staining ( Figure  1A,B) , there was no cartilage and bone formation detected in the Achilles tendon of the sham group; chondrocytes, bone lacunae, and trabecular bone structures were observed in the HO group, suggesting that the HO rat model was successfully established, with the success rate of rat modeling being 80%. 
SPARC expresses at a high level in HO tissues
Subsequently, the expression of SPARC was measured in HO tissues by RT-qPCR and Western blot analysis. When compared with the sham group, the SPARC expression was significantly enhanced in the HO group (P<0.05) (Figure  2A-C) . The SPARC-positive rate was further detected by immunohistochemistry. The results ( Figure 2D,E) showed that the SPARC-positive rate in the HO group (75.83%) was significantly higher than the expression detected in the sham group (31.67%) (P<0.05). The aforementioned results suggested that SPARC was highly expressed in HO tissues.
Multiple myeloma MSCs are successfully isolated and cultured
The immunophenotype of BMSCs was characterized. As shown in Figure 3 , the second generation of MSCs of multi- ple myeloma showed no expression of surface markers of hematopoietic cells, such as CD34 and CD45, and displayed low expression of CD106, high expression of CD29, and the surface markers of MSCs (CD105). Collectively, these characteristics helped reveal that MSCs of multiple myeloma were successfully isolated and cultured.
Silencing of SPARC impedes HO progression
Following the treatment of BMSCs with oe-SPARC and sh-SPARC, osteogenic differentiation was induced, with the expression of SPARC later detected by RT-qPCR and Western blot analysis. The results ( Figure 4A-C) showed that in contrast with the cells treated with sh-NC, the expression of SPARC was significantly decreased in the cells treated with sh-SPARC. The cells treated with oe-SPARC exhibited higher expression of SPARC than those treated with oe-NC. Next, ALP staining, Alizarin Red S staining, and radioimmunoassay were conducted to detect the osteogenesis. It was shown that (Figure 4D-H) the ALP activity, the number of mineralized nodules, and OCN content significantly diminished in cells treated with sh-SPARC (P<0.05), while it was reciprocal in cells treated with oe-SPARC (P<0.05). These results showed that silencing SPARC exerted suppressive effects on HO.
SPARC activates the MAPK signaling pathway
It has been well documented that SPARC could activate the MAPK signaling pathway [10] . Afterward, Western blot analysis was performed to determine the protein expression of MAPK-related factors following transfection with oe-SPARC and sh-SPARC. It was subsequently revealed that ( Figure 5A ,B) in contrast with the cells treated with sh-NC, the extent of ERK, JNK, p38, NF-κB, and IKKβ phosphorylation remarkably decreased in the cells treated with sh-SPARC; in contrast with the cells treated with oe-NC, the extent of ERK, JNK, p38, NF-κB, and IKKβ phosphorylation was enhanced in the cells treated with oe-SPARC. These results demonstrated that SPARC was able to activate the MAPK signaling pathway.
Inhibition of the MAPK signaling pathway exerts therapeutic effect on HO
Subsequently, the present study further investigated the relationship among SPARC, MAPK signaling pathway, and HO. Western blot analysis ( Figure 6A ,B) was used to detect the expression changes in MAPK-related proteins. In comparison with the cells treated with oe-SPARC + DMSO, the cells treated with oe-SPARC and ERK MAPK inhibitor PD98059 showed reduced ERK phosphorylation, while the extent of JNK and p38 phosphorylation had no significant differences. Besides, the extent of JNK phosphorylation was diminished but the extent of ERK and p38 phosphorylation showed no significant differences in the cells treated with oe-SPARC and JNK MAPK inhibitor SP600125. Furthermore, the extent of p38 phosphorylation was notably diminished but the extent of ERK and JNK phosphorylation had no significant difference in the cells treated with oe-SPARC and p38 MAPK inhibitor SB203580. Next, ALP staining, Alizarin Red S staining, and radioimmunoassay ( Figure 6C -G) were conducted to detect the osteogenesis. Relative to the cells treated with oe-SPARC + DMSO, the ALP activity, the number of mineralized nodules as well as OCN content of ERK were significantly diminished (P<0.05), but there were no significant differences detected in JNK and p38 in the cells treated with oe-SPARC and PD98059. Additionally, the ALP activity, the number of mineralized nodules, and OCN content of JNK were diminished (P<0.05), but there was no significant difference in ERK and p38 in the cells treated with oe-SPARC and SP600125. Moreover, the ALP activity, the number of mineralized nodules, and OCN content of p38 were significantly diminished (P<0.05), but there was no significant difference in ERK and JNK in the cells treated with oe-SPARC and SB203580. The results suggested that suppression of the MAPK signaling pathway exerted a therapeutic effect on HO.
Discussion
HO has been reported difficult to diagnose at an early stage due to the lack of effective signs and symptoms, as well as there being limited treatment methods for HO [1, 15] . Therefore, there is an urgent need to explore the oncogenic mechanisms underlying HO development. It has been noted that several genes exert functions on HO, for example, decreased GNAS can lead to HO via the activation of Hedgehog signaling [2] . GNAS, a transcriptionally complex locus that can encode Gsα, has been implicated in progressive osseous heteroplasia, a rare developmental disorder of HO [16] . This study explored the potential roles of the SPARC and the MAPK signaling pathway in HO, which supports the notion that the silencing SPARC could inhibit the activation of the MAPK signaling pathway and effectively inhibit the development of HO.
SPARC was highly expressed in HO tissues, and silencing SPARC inhibited the MAPK signaling pathway as evidenced by the decreased levels of ERK, JNK, p38, NF-κB, and IKKβ, as well as the extent of ERK, JNK, p38, NF-κB, and IKKβ phosphorylation. In the process of bone formation, SPARC can be secreted by osteoblasts, with an elevation in SPARC expression exhibited in osseous tissues [17] . SPARC is a matricellular protein that has been expressed at a high level in bone cells and it is essential in bone remodeling to promote osteoblast differentiation [18] . Additionally, SPARC is highly expressed in osteoblasts in both normal bone and HO tissues in comparison with preosteoclasts and young osteocytes [19] . A previous study has shown that a conditioned medium of SPARC treated bone marrow stromal cell can activate p38-MAPK signaling in prostate cancer [20] . It is manifested that there are three subgroups of MAPKs including ERK, JNK, and p38 [21] . IKKβ, an inhibitor of NF-κB, has been recognized to participate in various developmental and physiological procedures in vertebrates as well as the mediation of spindle bipolarity, cellular transformation, and chromosomal stability [22, 23] . SPARC has been demonstrated to increase p38 MAPK phosphorylation and activate the p38 MAPK/HSP27 signaling pathway, thus promoting glioma cell migration on fibronectin [24] . Consistent with our study, it has also been proven that SPARC can elevate the extent of p38 MAPK, MAPKAPK2, and Ser 78 -HSP27 phosphorylation [10] . The aforementioned evidence suggested that SPARC may be involved in HO and silencing SPARC could inhibit the activation of the MAPK signaling pathway.
Furthermore, the present study showed that silencing SPARC could exert a suppressive effect on HO via the inhibition of the MAPK signaling pathway, which was supported by a decrease in ALP activity, mineralized nodules, and OCN content. ALP activity and OCN content were the early and late markers in the process of osteogenic differentiation, respectively [25] . A previous study revealed that SPARC plays a key role in the process of osteogenic differentiation of the initial crystal growth on stem cells [26] . Also, SPARC is an indicator of bone formation that has the potential to promote calcium deposition as well as differentiation and survival of osteoblast [7] . Moreover, it has been revealed that SPARC possesses the ability to promote osteoblast growth and proliferation, while also regulating matrix mineralization in healing wounds and bone formation [27] . SPARC-related modular calcium binding 1 has been revealed to be closely involved in osteogenic differentiation of BMSCs and has the potential to promote bone regeneration in vivo [28] . It has been suggested that the MAPK/ERK signaling pathways may be related to the Nell-1 induced osteogenic differentiation of pre-osteoblasts on titanium surfaces [29] . ERK1/2, p38 MAPK, and JNK osteogenic signaling pathways have been demonstrated to participate in mechanical stress-induced osteoblastic differentiation [30] . The phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin (mTOR) signaling pathway has been identified to play important roles in various cellular procedures [31] . The mediation of NF-κB has been indicated to depend on Akt and managed by mTOR and Raptor in relation to IKK [32] . Runx1 has been elucidated to be involved in the mediation of the NF-κB signaling pathway by cross-talking with IKK in the cytoplasm [33] . The disruption of Runx1 has been reported to induce bone marrow failure due to transcriptional dysregulation and DNA repair defect [34] . Moreover, functional deficiency of mutant Runx2 has been confirmed to suppress amelogenesis and osteogenesis [35] . The existing literature has noted that activation of NF-κB can activate activator protein 1 to promote the activation of the MAPK signaling pathway [36] . Another study has revealed that mineral trioxide aggregate-treated bone marrow stromal cells can increase ALP activity, enhance the mineralization, and up-regulate the expression of odonto/osteoblastic markers via the activation of the MAPK signaling pathway [37] , which is consistent with the current study. From the evidence above, we can subsequently conclude that silencing SPARC can repress HO by suppressing the MAPK signaling pathway.
In conclusion, our study demonstrated that silencing of SPARC could suppress the HO development through the inhibition of the MAPK signaling pathway (Figure 7 ). This provides a new insight into the role and molecular mech-anism of SPARC involved in HO. Besides, this study has helped to advance our understanding of the pathophysiology of HO formation, as well as prophylaxis and treatment strategies. Nevertheless, due to the lack of report on the potential role of SPARC in HO progression, further studies of this mechanism are required.
